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Iron Oxide Films on Silver as a Model Catalyst 
 
Catalysis is a key technology used in a broad range of applications in industry crucial 
for modern life. A catalyst is a material which selectively accelerates certain chemical 
reactions without being consumed, so that large-scale chemical processes can be carried 
out with lower costs and less waste.  
 
Catalysts are complex materials, however, and are difficult to characterize at the atomic level; 
thus to understand the catalysis on a fundamental, simplified model materials must be used. 
The goal of this thesis was to grow and characterize iron oxide films on a silver surface. These 
films can be used as model materials for further studies, since iron oxides are interesting 
catalysts for a variety of oxidation reactions. 
 
 
In our experiments, which were carried out at the Dept. of Physics and the MAX IV 
Laboratory, we used scanning tunneling microscopy, low energy electron diffraction and x-ray 
photoelectron spectroscopy to characterize the chemical composition and atomic scale 
structures of iron oxide films grown on Ag(100) under various conditions. Three different iron 
oxide phases have been observed: 1) monolayer FeO(111) with FeO(100)-like grain 
boundaries, 2) a mixed FeO(111) and FeO(100) structure with FeO(100) grains partly 
embedded in the surface, and 3) a hexagonal multilayer structure with a buckled top layer, 
observed under oxygen-rich conditions and attributed to Fe2O3. These results lay a foundation 
for further studies, which will investigate the differences in the chemical and catalytic 
properties of the three different phases. 
 
 
 
 
STM image showing three different iron oxide    
phases: (i) monolayer FeO(111) with FeO(100)-
like line defects, (ii) FeO(100) grains embedded in 
the surface, and (iii) multilayer islands assigned to 
Fe2O3. 
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Abstract
This thesis presents a study of iron oxide thin ﬁlms, grown on a silver metal substrate, with the
goal of characterizing the structures that form during growth of the ﬁrst atomic layers. Such ultra-
thin iron oxides are interesting model materials for fundamental surface chemistry and catalysis
studies. The ﬁlms were grown by reactive deposition of iron under ultra-high vacuum conditions
and characterized by X-ray photoelectron spectroscopy (XPS), carried out at beamline I311 of the
MAX IV laboratory, as well as scanning tunneling microscopy (STM), carried out in the Division
of Synchrotron Radiation Research.
The aim of this project was to study the chemical composition and atomic scale structure
of the oxide ﬁlms. We ﬁnd that there are diﬀerent iron oxide phases on the Ag(100) surface
that depending on the growth conditions. These can be described as 1) monolayer FeO(111) with
FeO(100)-like grain boundaries, 2) a mixed FeO(111) and FeO(100) structure with FeO(100) grains
party embedded in the surface, and 3) a hexagonal multilayer structure with a buckled top layer,
observed under oxygen-rich conditions and attributed to Fe2O3. These results are important as
they will form the basis for futher studies of FeO surface chemistry and catalysis using these ﬁlms
as well-deﬁned model systems.
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Chapter 1
Introduction
Surface science in physics and chemistry studies the properties of surfaces and their interaction
with the surroundings. Surface processes are important for many technical applications since the
surface layer of a material is responsible for the interaction with other solids, liquids or gaseous
environments. Surface science is a relatively young research ﬁeld due a combination of the need
for ultra high vacuum (UHV) with high technical requirements and diﬃculties in measuring the
surface properties without a substantial signal from the bulk of the material. Studies of the in-
teraction between transition metal surfaces and a gaseous surrounding are mainly motivated by
heterogeneous catalysis. Catalysis is a key technology used in a broad range of industrial applica-
tions crucial for modern life. Catalysts are widely used in the production of approximately 90%
of the chemical products in pharmaceutical industry, fuels and plastics industries, food industry,
production of artiﬁcial fertilizers and to clean exhaust gases from chemical industries and vehicles
[1].The advantage of a catalytic reaction is that it reduces the energy, time and material consump-
tion to produce a particular chemical compound. It is evident that the subject of catalysis is well
worth studying to understand and possibly improve catalysts. For an increased understanding
of the function of a catalyst, information on the atomic scale is often needed. Since catalysis
happens on the surface of the catalyst, scanning tunneling microscopy and electron spectroscopies
and their extremely high surface sensitivity are extremely well-suited experimental techniques to
obtain atomic scale information and fundamental knowledge on surfaces of catalysts [2].
1.1 Catalysis and some important catalytic reactions
A catalyst material is a substance which accelerates and increases reaction rates of a reaction
without being consumed in the process. Due to the catalyst, a new reaction pathway with lower
energy barriers can be established. The natural catalysts in our bodies are enzymes which to some
extent make life possible. Another important catalysts process is to synthesize ammonia using
NiO discovered by Haber and Bosch (the Haber- Bosch process) resulting in the production of
artiﬁcial fertilizers [3]. Fritz Haber and Carl Bosch were awarded the Nobel Prize in chemistry in
1918 and 1931for their discovery [4,5]. More recently, Gerhard Ertl was awarded the Nobel Prize
in 2007 for his work in creating the modelsystem concept in surface science and of understanding
the Haber- Bosch process on the atomic scale [6]. An important process involving catalysts and
used on a large scale by the chemical industry is the conversion of natural gas CH4 (or Methane)
to H2. In the ﬁrst step, CH4 and water vapor react on a catalyst to produce a mixture of CO
and H2 (syngas). The CO is reacted again with water, and this water-gas shift reaction produces
additional H2 and CO2.
CH4 +H2O → 3H2 + CO (1.1)
CO +H2O → H2 + CO2 (1.2)
The H2 is used as a clean fuel and for the industrial production of important chemicals such as
ammonia and methanol. The catalyst used is mostly Ni however also Fe and its oxides can be
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used in parts of the reaction. The most commonly known catalyst to the general public is the
car catalyst, in which toxic species such as CO, CxHy, NOx are transformed into more harmless
molecules like CO2, H2O, N2. Here, the active catalyst materials used is mostly expensive materials
such as Pt, Pd and Rh. Recently however, it has been found that a thin layer of FeO in a Pt catalyst
is highly active for the CO oxidation [7,8,9]. This has promoted a large number of surface science
studies to elucidate the atomic level process responsible for the high activity [10]. The hope with
such studies is not only to produce cheaper catalyst materials to be used in car catalysts, but also
to increase the understanding of Fe oxide-based catalysts.
1.2 The Surface Science Approach
A real catalyst is a complex material system. It consists of active catalyst nanoparticles supported
on an insulating oxide substrate. It is not diﬃcult to imagine that the study of the surfaces of
such particles is extremely diﬃcult, in particular at atmospheric ambient pressures and at elevated
temperatures, conditions at which most applied reactions occur. However, the nanoparticles do
not have an arbitrary shape, but adopt a geometry which is governed by surface energies and
the facets consist of the most close packed surfaces of the materials. It is therefore argued that
the study of large, macroscopic single crystal surfaces will correspond to the facets of the active
nanoparticles. This so-called surface science approach to catalysis was introduced Gerhard Ertl in
the 70:ies to provide the scientiﬁc methodology of modern surface chemistry [11]. By studying the
details of the interaction between a gas and a single crystal surface such as adsorption, dissociation,
recombination and desorption under well-controlled conditions, it is possible to estimate various
energy barriers for the processes and thereby the energy path/diagram for the full reaction pathway.
An illustration of this procedure is shown in ﬁgure (1.1). The vertical axis is the activation energy,
which can be seen to be lower as compared to the activation energy un-catalyzed reaction.
Figure 1.1: Energy diagram of the Langmuir-Hinshelwood process as a function of reaction path
on surface and Ea is the energy of gas A. This image is taken from [12].
1.3 The present thesis
The aim of this thesis is to study the atomic scale structure of Fe oxide thin ﬁlms grown on a
Ag(100) surface by a combination of X-ray Photoelectron Spectroscopy (XPS), Scanning Tun-
neling Microscopy (STM), High Resolution Core Level Spectroscopy and Low Energy Electron
Diﬀraction (LEED). We ﬁnd that we can grow well ordered ﬁlms of FeO on the Ag(100) surface.
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Surprisingly, both (100) and (111) terminated ﬁlms can be grown, the relative amount of the two
phases depending on the details of the preparation. Models for the structures are proposed, as well
as the atomic scale structure of domain boundaries. Our studies are important in the sense that this
is the ﬁrst time well controlled FeO(100) ﬁlms have been observed, and that the Ag(100) substrate
should be inert in terms of the oxidation of CO, as opposed to previous studies of FeO(111) ﬁlms
on the highly active Pt(111) surface. The thesis is structured in ﬁve chapters. In chapter 2, the
experimental methods are described in some detail. In chapter 3, the structure of surfaces is pre-
sented. In chapter 4, the results and discussions are presented. In chapter 5, conclusions and some
future studies of the materials system as outlooks are proposed and in chapter 6 a self-reﬂections
of what I learnt is presented.
Chapter 2
Experimental Method
Several techniques were used to characterize surfaces in this project. This chapter describes the
theory and experimental principle of the techniques that were used to study the structure of iron
oxide ﬁlms on Ag(100), including X-ray Photoelectron Spectroscopy (XPS), Scanning Tunneling
Microscopy (STM) and Low Energy Electron Diﬀraction (LEED).
2.1 Surface Sensitivity
Many surface science techniques, including XPS and LEED, use electrons for probing surfaces.
The reason for this is that electrons interact strongly with other electrons when traveling through
a material, and are easily scattered. The electrons can travel only short distances before being
scattered inelastically (i.e. losing kinetic energy). The inelastic mean free path (IMFP) is the
average distance that electrons travel in the solid before losing energy with an inelastic scattering
event [13]. The number of electrons that will travel a distance x through a material without being
inelastically scattered is given by the equation 2.1, where I0 is the initial ﬂux of electrons and µ is
the IMFP [14]:
I (x ) = I0 e
−x/µ (2.1)
For electrons in an energy range between 10 to 1000 eV, such as are used in LEED and XPS, the
IMFP is in the range of 5-10 Å, so that only electrons originating or being scattered within this
depth can escape to the vacuum without inelastic scattering [15]. In LEED and XPS, only elastic
electrons are used in the analysis, meaning that these techniques are sensitive to the structure and
chemical composition of the ﬁrst few layers of the materials.
2.2 Ultra High Vacuum (UHV)
Because electrons interact so strongly with matter, they are scattered easily by gas molecules, so
that these experimental techniques require high vacuum, i.e. very low gas densities, in order to
operate. Vacuum is also important for surface science studies because surfaces need to stay clean,
and gases from the atmosphere will contaminate them. Equation 2.2 shows the impinging gas
ﬂux onto a solid surface where M is the mass of gas molecules, P is the pressure and T is the
temperature [16]:
R ∝ P√
MT
(2.2)
A rule of thumb, based on this equation, is that at room temperature and at a pressure of 10-6 mbar
(~10 -9 atm), the number of molecules striking the surface in 1 second is the same as the number
of atoms in the surface, so that the pressure inside the chamber should be in the range of 10-10 or
10-11 mbar to keep the sample surface clean from contaminants for some hours. The experiments
described in this thesis were conducted using instruments mounted in two diﬀerent Ultra-High
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Vacuum chambers, one with the STM in the Division of Synchrotron Radiation Research, and
one for XPS at beamline I311 of the MAX IV laboratory. Both chambers are constructed with
stainless steel and are kept under vacuum using turbomolecular pumps and ion getter pumps.
Before experiments, in order to achieve base pressures in the 10-10 mbar range, the chambers were
baked at ~120°C for at least 24h in order to remove water, which is only pumped out slowly at
room temperature. Installed at each chamber, in addition to the analytical instruments used, were
also an argon sputter gun for sample cleaning, valves for gas dosing and an iron evaporator used
for FeO ﬁlm growth. The chambers also have mechanisms for moving the sample around inside,
and for heating and cooling the samples as part of the preparation treatments.
2.3 X-ray Photoelectron Spectroscopy
2.3.1 History and Basic Principles
X-ray Photoelectron Spectroscopy (XPS) is one of the most widely used techniques to investigate
the chemical compositions of solid surfaces. XPS measurements provide information about the
elements present at the surface of a material as well as their chemical states. The photoelectric
eﬀect, where a material is ionized by light, was discovered by Heinrich Hertz in 1887 [17] and
explained theoretically by Albert Einstein in 1905[18]. Einstein was awarded the Nobel Prize in
Physics in 1921 for this work[19]. Application of the photoelectric eﬀect for chemical analysis of
surfaces was developed in the 1950s by K. Siegbahn, who was awarded the Nobel Prize in 1981 [20].
The principle of XPS is that photons of suﬃciently high energy can excite core-level electrons out of
a sample, which can be detected and their energies characterized. Conceptually, the phenomenon
can be explained by a three step process:
 Excitation of a core level electron to an unbound state
 Propagation of the (excited) electron through the material
 Escaping the electron out of the material into the vacuum
The kinetic energies of the photoelectrons reﬂect the energies of the electrons in the sample, because
the photon energy is transferred completely in the absorption process. Based on conservation of
energy we relate the kinetic energy of the photoelectron (KE ) with the electron's binding energy
(BE ) with the following equation 2.3, where hν is the photon energy and Φ is the sample's work
function:
KE = hυ − (BE + Φ) (2.3)
BE is the energy required to excite the electron to the Fermi level of the sample and (BE + Φ)
is the minimum energy required to excite electron out of the solid and into the vacuum. Because
core-level electrons do not interact signiﬁcantly with those of neighboring atoms, the photoelectron
spectrum for an element exhibits sharp peaks corresponding to the diﬀerent electron shells, with
binding energies characteristic of the element. The atoms' chemical environment has a small, but
detectable eﬀect on the observed binding energies, leading to so-called chemical shifts in the peak
positions. These shifts, which result from perturbations of the core electronic states by the valence
electrons, can be used to distinguish atoms of the same element in diﬀerent bonding conﬁgurations,
making XPS a very powerful technique to study surface chemistry. Figure 2.1 shows XPS spectrum
of a clean Ag(100) surface.
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Figure 2.1: XPS spectrum of a clean Ag(100) surface measured using 850 eV photons. Sharp peaks
correspond to photoemission from the indicated electron shells. The other visible peaks result from
Auger emission from the ionized silver atoms. Inset: Zoom-in of the valence region showing the
drop in intensity at the Fermi level, EF.
2.3.2 Experimental details
Measurement of XPS spectra requires a monochromatic X-ray source to excite electrons from the
sample and an energy-resolving electron spectrometer to detect the excited photoelectrons. Because
the sample and spectrometer are in electrical contact for measurements, the contact potential
established between the two will result in an acceleration or deceleration of the electrons as they
travel from the sample to the detector. As a result, the kinetic energies of the photoelectrons as
measured in the spectrometer are reduced by the detector workfunction rather than that of the
sample, as illustrated in Fig. 2.2:
KE = hυ − (BE + ΦSpectrometer) (2.4)
Sample Spectrometer
EFermi
Evacuum
Φspectrometer
Φsample
BE
KE
hν
e-
Core level
e-
Sample
Spectrometer
Figure 2.2: Energy level diagram showing the relationship between a photoelectron's binding energy
(BE ) and its kinetic energy (KE ) upon excitation with light of energy hν. Adapted from [21].
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In order to extract accurate binding energies from measurements of electron kinetic energy,
reference measurements are normally made, removing the uncertainty in the photon energy and/or
spectrometer work function. For the measurements in this thesis, the Fermi level, where BE = 0
by deﬁnition, is used as a reference point for all spectra, so that binding energies can be determine
by:
Measurement:
BE = hυ −KE − Φs (2.5)
Fermi level:
BEFermi = hυ −KEFermi − Φs = 0 (2.6)
So:
BE = KEFermi −KE (2.7)
i.e. the binding energy of a detected electron is the diﬀerence between its kinetic energy and that of
electrons from the Fermi level. The XPS measurements in this thesis were carried out at the MAX
IV laboratory in Lund at beamline I311 on the MAX II storage ring, which is optimized for high
resolution photoemission spectroscopy on solid materials. The main components of beamline I311
are an undulator where X-rays are generated, a plane-grating monochromator, and several mirrors
for directing and focusing the X-ray beam into the UHV chamber dedicated to XPS measurements.
The XPS endstation at I311, a photograph of which is shown in Fig. 2.3, consists of two UHV
chambers, one for sample preparation (above) and one for XPS analysis (below). The preparation
chamber has a sputter gun for sample cleaning, an evaporator for Fe deposition, a gas handling
system for dosing argon and oxygen, and a LEED optics for characterization. In the analysis
chamber, XPS measurements are made using a concentric hemispherical energy analyzer, which
separates the electrons based on their paths between two oppositely-polarized hemispheres, as
shown schematically in Fig. 2.2. The monochromator at beamline I311 allows the photon energies
to be varied continuously over a range from ca. 100 eV to 1500 eV, and for each binding energy
range scanned, corresponding to a particular electron shell, a diﬀerent photon energy was chosen in
order to give a high ionization probability, high surface sensitivity and a low background intensity.
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Figure 2.3: A photograph of the XPS at I311 of Max lab
2.4 Scanning Tunneling Microscopy
2.4.1 Principle
Scanning Tunneling Microscopy (STM) is a popular and powerful technique for imaging surfaces
thanks to its ability to resolve individual atoms and molecules. It was developed by G. Binning
and H. Rohrer in 1982 and they were awarded the Nobel Prize in 1986 [22,23]. The principle of
STM is that the resistivity of the vacuum gap between two conductors becomes measurable, and
is highly sensitive to distance, when they are brought within a distance of around 10 Å, due to
quantum mechanical tunneling. Application of a bias voltage causes a tunneling current to ﬂow
between the tip and the sample, and this current is used as a measurement of the distance between
the tip and the sample. Because of the strong distance-dependence of the tunneling resistivity,
the current is concentrated at the single atom which is closest to the surface, allowing the surface
structure to be probed with atomic-scale resolution as illustrated in Fig. 2.4:
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2.4.2 Theory
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Figure 2.4: Scanning tunneling microscopy. a) Energy-level diagram showing electron tunneling
across a vacuum gap as encountered in STM. When the sample is biased negatively with respect
to the tip, electrons can ﬂow from left to right due to the ﬁnite value of the wavefunction across
the gap between them. b) Illustration of the operation of an STM in constant current mode. A tip
terminated by a single atom traces the contours of the surface at the atomic scale as its height is
adjusted to keep a constant current ﬂowing. c) Schematic of the STM used to acquire the results
in this thesis.
The working principle of the STM can be understood by looking at the wavefunction of a free
electron in 1D in the vicinity of a potential energy barrier, where energetically allowed regions
correspond to the sample and the tip and a forbidden region corresponds to the vacuum separating
the two (Fig. 2.4a). The electron wavefunction does not drop sharply to 0 at the edge of the
barrier, but decays exponentially into the vacuum. This means there is some probability that the
electron can be found inside the barrier or, if the tip and sample are close enough, that an electron
can jump from one side to the other. The electronic wavefunctions of a real surface and STM tip
show similar exponential decay into the vacuum, so that tunneling happens in the same way. The
exponential decay of the wavefunction in the vacuum is expressed in the tunneling current as:
I ∝ exp
(
−2 
√
2 m(kg)  ϕ(eV )
~2
 d(A˚)
)
≈ exp
(
−1.025 
√
ϕ (eV )  d
(
A˚
))
(2.8)
where ϕ is the height of the energy barrier between tip and sample and d is the tip-sample
separation. This means that for a typical barrier height of around 4 eV, an increase in tip-sample
distance of only 1 Å will result in around 10Ö drop in the current. This extreme sensitivity is the
reason for the STM's ability to resolve atomic-scale features. If the STM tip is terminated by a
single atom (Fig. 2.4b), this atom will be closer to the surface than any other (by a distance on
the order of 1 Å), and the surface atom directly beneath the tip will be closer to the tip atom than
any other (also by a distance of similar order). The STM tip therefore essentially probes the tails
of the sample's exponentially-decaying electronic wavefunctions extending into the vacuum, and as
the tip is scanned across the surface the tip follows the contours of these wavefunctions, eﬀectively
making a topographic map of the sample surface. The voltage dependence of the STM current
is related to the electronic states involved in tunneling. As shown in Fig. 2.4a, application of a
negative bias to the sample will result in electrons tunneling from ﬁlled sample states to empty
tip states. At positive bias electrons will ﬂow in the opposite direction, from ﬁlled tip states to
empty sample states. The tunneling probability is therefore proportional to the number of possible
ﬁlled state → empty state transitions, i.e. the local density of states (LDOS) of the tip and the
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sample. For metal surfaces, the density of states is fairly constant and I ∝V . For insulators and
other materials with sharp changes in their DOS, the relationship becomes nonlinear, and sharp
increases in current will be observed near, for example, the conduction band edge. The dependence
of the tunneling current on the sample LDOS (as well as on its workfunction) also means that the
height of the tip above the surface will vary from material to material, and that the apparent
heights in STM of diﬀerent objects might not correspond with their real heights.
2.4.3 STM Setup
A diagram of the STM setup used to obtain the measurements in this thesis is shown in Fig.
2.4c. It consists of a sharp tungsten tip ﬁxed onto a piezoelectric tripod scanner. Two legs of
the tripod scanner control the position of the tip parallel to the sample (x ,y directions), and
the third controls the position of the tip perpendicular to the surface (z direction, i.e. the tip-
sample distance). Applying a voltage to one of these legs causes expansion or contraction of the
piezoelectric material and the three orthogonal legs enable the STM tip to be positioned freely
within a volume of around 2μm Ö 2μm Ö1μm. Coarse positioning motors allow the sample to
be moved larger distances laterally (i.e. millimeters) and to be brought close to the tip at the
beginning of measurements. Once the sample is manually moved close to the tip with the help of
a video camera, an automated approach mechanism moves the sample into the z -scanner range by
taking small steps closer and closer until a tunnel current can be detected. To minimize vibrations,
the entire STM and sample assembly is suspended by springs kept stationary using an eddy current
damping mechanism consisting of a ring of copper ﬁns placed between permanent magnets. Once
the tip and sample are positioned correctly, the control electronics continuously regulate the tip
height, via thez -piezo leg, to keep the tunneling current constant with the tip approximately a ﬁxed
distance away from the sample. In the constant current mode used to acquire the images in this
thesis, the tunnel current is kept constant by varying the distance between the tip and the sample
as the tip is scanned across the surface in the x ,y directions. The height of the tip (i.e. thez piezo
position) as a function of the x ,y position is recorded by the computer and forms a topographic
map of the surface. To produce good images, the STM tip needs to be very sharp and clean. The
STM tip used in this thesis was produced by electrochemical etching of a tungsten wire in a NaOH
solution. This results in a tip which is sharp but covered with an oxide layer which prevents stable
imaging [48]. To remove this oxide layer, the tip was put to the UHV chamber and cleaned by
Ar+ sputtering and then transferred into the STM (46M). To improve the tip during experiments,
short voltage pulses were applied during scanning, or the tip was intentionally crashed with the
sample in order to change the tip structure. The x ,y and z scales of the STM were calibrated my
measuring the atomic spacing and atomic step heights of a known material, in this case Ag(100),
which has atomic spacings of 2.88 Å, step heights of 2.05 Å and lattice constant is 4.09 Å [24,31].
2.5 Low Energy Electron Diﬀraction
2.5.1 History
Low-energy electron diﬀraction (LEED) is an important technique to study the surface structure of
crystalline materials; it is based on diﬀraction of electrons, which show wave-like properties similar
to light. The diﬀraction of electrons was ﬁrst discovered in 1925 by Davisson and Germer, who
observed a pattern of spots from a backscattered beam of electrons from a Ni sample [25]. Because
the technique uses electrons with low energies (ca. 20-200 eV), which have very small inelastic
mean free paths (as discussed above), the diﬀraction patterns formed result from the periodic
structure of the top few atomic layers of the material surface. Application of the technique to
study surface structure was developed in the 1960s and evolved into a standard technique for
surface characterization.
CHAPTER 2. EXPERIMENTAL METHOD 11
d
Θ
d·sin(Θ)
ΘElectron gun
Fluorescent
screen
Sample
Repeller
grids
∝ sin(Θ) = n·λ/d
d10
d01
d11
1/d10
1/d01 1/d11
60 eV → 1.58 Å
Ag(100) Ag(100)
a) b)
c) d)
Figure 2.5: Principles of the LEED technique. a) Schematic diagram of a standard apparatus for
LEED measurements. b) Illustration of the diﬀerence in path length for electrons scattering at
a given angleΘ from two adjacent rows of atoms on a solid surface. Constructive interference is
observed if this diﬀerence in path length is equal to an integral number of electron wavelengths. c)
Diagram of the square Ag(100) surface showing the atomic rows giving rise to diﬀraction spots. d)
Measured diﬀraction pattern of a clean Ag(100) surface, showing the diﬀraction spots corresponding
to c). The image was recorded using an incident electron energy of 60 eV, corresponding to a
wavelength of 1.58 Å.
2.5.2 Experimental setup
The main components of a typical LEED setup are shown in ﬁgure 2.5a. These consist of an
electron gun which produces the monochromatic beam of electrons used to probe the sample, and
a ﬂuorescent screen which glows when impacted by an electron to indicate the scattering angle Θ .
The hemispherical shape of the detector provides directly a measurement of distances proportional
to sin(Θ), which as will be discussed below is related in a simple way to the surface structure. In
front of the ﬂuorescent screen are a series of concentric metal grids which are biased electrically to
provide several functions: the front grid is kept on ground potential to provide a ﬁeld-free region
for electron propagation. The middle grid is kept on a negative potential to repel inelastically
scattered electrons (i.e. those with energies lower than the incident beam). The ﬁnal grid is held
on ground potential and the screen is held at a large (several kV) positive bias, so that electrons
are accelerated between them so that they have large kinetic energies when they strike the screen,
causing the intense ﬂuorescent glow. The LEED pattern is measured by photographing the screen
through a window behind it using a digital camera.
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2.5.3 Basic principles
When a monochromatic beam of electrons scatters from a surface, interference results from the
phase relationships between electrons scattering from diﬀerent points. If the surface is crystalline,
scattering at a particular angle will involve a ﬁxed phase diﬀerence for scattering from equivalent
atoms in adjacent unit cells. If this phase diﬀerence is 0, or if it is a multiple of 2pi, the interference
will be constructive and a high scattering probability will be observed in this direction. Otherwise,
the interference will be destructive. This principle is shown in Fig. 2.5a, for scattering in a plane
perpendicular to rows of atoms spaced by a distanced . The diﬀerence in path length between the
rows is given byd ·sin(Θ). Constructive interference will be observed if this path diﬀerence is equal
to an integral number of electron wavelengths:
d  sin (θ) = n  λ (2.9)
Wheren is an integer andλ is the de Broglie wavelength [26]:
λ =
h
p
=
√
h2
2m0eU
≈
√
150.4
E(eV )
A˚ (2.10)
Equation 2.10 is equivalent to the Bragg condition for X-ray diﬀraction, modiﬁed to the geometry
of the LEED experiments. The scattering angleΘ for diﬀraction from rows of spacing d is given
by inversion of this equation:
θ = sin−1
(
n  λ
d
)
(2.11)
Typical LEED optics, including those used to acquire the measurements in this thesis, use a
hemispherical detector to measure the diﬀraction patterns. As shown in Fig. 2.5b, the use of
such a detector results in projected distances given by sin(Θ), which are therefore proportional to
(n·λ)/d . Along a direction perpendicular to atomic rows of spacing d, therefore, a series of peaks
will be observed separated by a constant spacing of λ/d . The relationship between the surface
structure and the measured LEED pattern is shown in Fig. 2.5c, d, taking as an example Ag(100),
which was used for the experiments in this thesis. Ag(100) has a square unit cell and the atomic
rows with the largest d-spacing are those perpendicular to the unit cell basis vectors, d10 and d01.
Additional rows with smaller d -spacings can be deﬁned at other angles. The next largest is at
45° to the basis vectors, with spacing d11 = d10/»2. A LEED pattern measured for the Ag(100)
surface is shown in Fig. 2.5d, using electrons with kinetic energies of 60 eV, corresponding to a
wavelength of 1.58 Å. The bright spots correspond to the atomic rows shown in Fig. 2.5c, and
the distance of each spot from the center is inversely proportional to the d -spacing. For example,
the spot corresponding to d11 is found at a distance of d10·»2. It is seen that the LEED pattern
reﬂects the symmetry of the surface structure and the dimensions of the unit cell, which are very
useful information in experiments, since this allows diﬀerent phases to be distinguished from each
other. In this thesis, LEED was used primarily to help correlate the results of STM measurements
with the XPS measurements, which were made at diﬀerent times in diﬀerent chambers.
Chapter 3
Surface Structure
A commercial catalyst contains nanoparticles of an active material and is a complex material
system. The condition of the surrounding environment aﬀects both the structure and the size of
particles [27]. For simplifying the systems use surface sensitive techniques in a more controlled
laboratory environment in order to act as a model system for studying the structure of the particles
[28,29]. Indeed surface structure as the important property of the catalyst is essential to study [30].
In this section I will present a brief introduction of the crystal lattice of interest for the structure
and morphology of ultra thin crystalline iron oxide ﬁlms on top of silver.
3.1 Crystal Structures and Surfaces
Most solids are crystalline and the atomic structure of a crystal is built up by atoms arranged in a
periodic pattern as a lattice. The smallest periodic lattice or unit form of a crystal is a primitive
unit cell and is built by three vectors to make the base of the lattice in three dimensions. If all unit
cells (lattice) in a material align with the same orientation and without breaking its periodicity it
is called a single crystal. The Bvarais lattice is a lattice conﬁguration that depends on the vector
orientation. A Bvarais lattice determines the building of atom and lattice points in a crystal. In
the simple cubic (sc) structure, one atom is found at each corner of the cubic unit cell. In the
body centered cubic unit cell (bcc), an atom is placed in the center of the simple cubic. The face
centered cubic unit cell (fcc) is a cubic unit cell with atoms at each corner and at the center of
each face of the cubic. The lattice types are shown in ﬁgure (3.1) in below.
 
sc bcc fcc
Figure 3.1: The three Bravias lattices, simple cubic (sc), body centered cubic (bcc) and face
centered cubic (fcc).
Diﬀerent surface structures are formed by cutting a crystal along diﬀerent planes. The plane is
determined by the three points in three direction of x ,y and z axis with measuring the distance from
the origin (000) to the intersection points in three axes. For identifying the plane so-called Miller
indices are used and the notation [hkl ] is the perpendicular vector of plane (hkl). The simplest
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surface structures are formed when the Miller indices are all 0 or 1. The three "low-index" planes
of a cubic lattice are shown in ﬁg. 3.2.
 (100) (110) (111)
Figure 3.2: Three planes for cubic lattice structures with corresponding Miller indices.
3.2 Clean Surfaces
Surface science techniques which were explained in chapter 2 are used for cleaning and chemical
combination of surfaces. In this section I explaine the structure and physical properties of the
materials that I worked with. I used two of transition metals, silver as a substrate and iron which
was deposited with oxygen on top of silver.
3.2.1 Ag (Silver)
Ag has atomic numberZ=47 with high thermal and electrical conductivity. The other properties
of silver (Ag) are: fcc structure, noble metal and transition metal, magnitude of lattice constant
is a=4.0853 Å, melting temperature is 1235 K or 962°C, the ground state electronic conﬁguration
is 4d10 5s1, its surface unit cell is hexagonal, atomic distance is a/»2 = 2.88 Å [31]. Figure 3.3
illustrates the (111) plane and (100) plane of fcc lattice of Ag and the surface cut from the (111)
plane and (100) plane in top view and side view with speciﬁed unit cell.
(100) (111)
Top View Top View
Side View
Side View
(100)  (111)  (100)  (111)  
Figure 3.3: : Ag (111) and Ag (100) of the fcc lattice in diﬀerent view with speciﬁc unit cell.
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3.2.2 Fe (Iron)
The atomic number of Fe is Z=26 and it is the most stable elements. The other properties of
Iron (Fe) are: bcc structure, transition metal, magnitude of lattice constant a=2.87Å, melting
temperature is 1538°C, the ground state electronic conﬁguration of 3d6 4s2. For the bcc lattice
the surface lattice constant and the bulk lattice constant are equal. At high temperature the bcc
lattice of Fe changes to fcc lattice.
3.3 Surface Reconstructions and Relaxations
Surface properties are diﬀerent from the bulk properties of a crystal due to missing neighbors of the
surface compared to the bulk. In fact the energy of the surface atoms is diﬀerent with bulk atoms
and the surface atoms can rearrange in two ways to minimize the surface energy [32], relaxation
and surface reconstruction. In relaxation the surface atoms move slightly away from their bulk
positions but don't have any change in the periodicity pattern of the surface structure or symmetry.
In reconstruction the surface atoms have a change in the periodicity of the surface structure with
changing in surface symmetry by displacement of surface atoms and creation a new surface unit
cell which is diﬀerent from the bulk unit cell. The clean surface (Ag) that was used in this project
doesn't show any surface reconstruction in UHV.
3.4 Iron Oxide
Iron oxide is useful in many applications since, it can be used as a versatile oxidation catalyst
and its reactivity is also important for corrosion protection of steels [33,34,35,36]. Studying the
oxide surfaces on the atomic scale is hard and often pure single crystalline of oxide sample is not
available; also sample preparation of oxides is diﬃcult because of the complexity and high chemical
activity of many oxide surfaces [37]. Many oxides cannot be studied by surface science techniques
such as electron spectroscopy and scanning tunneling microscopy (STM) since they are electrical
insulator [38]. Instead using a model system of the oxide surfaces grown as a thin oxide ﬁlms on
a conductive substrate can be done. For the ﬁrst time Vurens et al. in 1988, grew a monolayer
FeO(111) ﬁlm on a Pt(111) [33] and since then there have been several studies of one monolayer
FeO(111) ﬁlm grown on Pt(111) for studying the reactivity of iron oxide surfaces. For example,
Fu et al. in 2010 found that small islands of iron oxide on the Pt(111) surface have reactive sites
at their edges which are useful for catalysis. There are several studies about chemical reactivity of
FeO with diﬀerent substrates. In this thesis, I prepared iron oxide on Ag(100) surface and studied
the diﬀerent types of planes for diﬀerent kinds of iron oxides that can be grown. In the following
section is explained the physical and structure properties of diﬀerent Fe oxides. There are three
diﬀerent crystal structures for Iron-oxide. Fe and O form diﬀerent phases including FeO (wüstite),
Fe3O4 (magnetite), α-Fe2O3 (hematite), γ-Fe2O3 (maghemite) and ε-Fe2O3 [39]. FeO, Fe3O4 and
alpha-Fe2O3 occur naturally, while γ-Fe2O3 and ε-Fe2O3 are synthesized artiﬁcially [38]. The
perspective side view of the three Iron-oxide crystals structures of interest for the present thesis
are shown in ﬁgure 3.4.
a)FeO(111) b)Fe3O4(111) c)α-Fe2O3(0001)
Figure 3.4: Side view of bulk of Iron-oxides phases. The image is taken from [40].
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Figure 3.4 a shows FeO wüstite crystallize side view. The O-2 anions and Fe+2 cations form
a cubic fcc. Figure 3.4b shows Fe3O4 magnetite from a side view. The O anions form with Fe+2
and Fe+3 cations as a cubic of the structure of fcc. The O planes and Fe layers alternate either
one Kagome or three hexagonal (mix- trigonal). Fe+2 and Fe+3 species occupy ¾ of the octahedral
coordinates in the Kagome layer. Fe+3 species occupy ¼ of the octahedral and tetrahedral coor-
dinates located in diﬀerent sites (A and B from a cubic ABC) in the mix- trigonal layer. Figure
3.4c shows α-Fe2O3 hematite which is the only stable Fe-oxide phase at room temperature in ther-
modynamic equilibrium. The O anions form with Fe+3 cations sublattice and two sublayers with
ABAB stacking. The surfaces of the three Fe-oxide phases have three diﬀerent unit cells so the
LEED patterns of these surfaces can help to ﬁnd the unit cells to identify the diﬀerence between
the iron oxide phases. Figure 3.5 shows the surface structure wüstite cut along two diﬀerent lattice
planes. The ﬁrst one is FeO(100) ﬁlm which shows a small missmatch substrate surface lattice
(iron) and oxygen ﬁlms. The second is FeO(111) which forms a hexagonal structure with Fe and
O atoms in diﬀerent planes.
FeO (111)
Fe2+
O2-
FeO (100)
Figure 3.5: The top view of surface structure of Iron oxides phases of FeO(111) and FeO(100). The
dashed triangles are the crystallographic (111) planes and (100) plane of the FeO bulk unit cell.
Chapter 4
Results and Discussion
In this chapter combined STM, LEED and XPS results from the clean Ag(100) and from various
preparations of FeO ﬁlms on Ag(100) will be presented. The aim of the experiments has been to
produce well-ordered FeO ﬁlms that can be used for further studies such as adsorption experiments
or investigations in more realistic environments. Therefore, the FeO growth has been studied using
several diﬀerent preparation methods such as changing the substrate temperature or the oxygen
pressure. Both STM and XPS were used to characterize the structures formed under diﬀerent
growth conditions, and LEED was used to correlate the two sets of results, since the STM and
XPS experiments were performed in diﬀerent UHV systems.
4.1 Preparation of Sample
For the preparation of FeO ﬁlms on Ag(100), ﬁrst the Ag(100) single crystal sample was cleaned
by sputtering with 1.5 keV Ar+ ions for 15-20 minutes at room temperature followed by annealing
at 500C for smoothness. The cycles were repeated two or three times until the surface was free
from contaminants. After checking that the surface was clean and well-ordered, Fe was deposited
using an iron evaporator while dosing O2. The surfaces were then characterized by LEED as well
as STM or XPS.
4.2 The clean Ag(100) surface
Before the FeO deposition can be performed, it is necessary to ensure a well-prepared, ﬂat and
clean Ag(100) surface. The starting condition of the Ag(100) surface is crucial for the growth
of the FeO ﬁlms, since even small contaminations may signiﬁcantly aﬀect the nucleation and the
continued FeO growth.
In Fig. 4.1a is shown an STM image of the Ag(100) surface after Ar+ sputtering and subsequent
anneal to 500 °C displaying atomic resolution. The corresponding LEED pattern is shown in Fig.
4.1b displaying the characteristic pattern from a (100) surface and sharp spots, indicating a well-
ordered and ﬂat surface.
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a) b)
1 nm
Figure 4.1: a) STM from the clean Ag(100) surface displaying atomic resolution. b) LEED from
the clean Ag(100) surface showing only spots originating from the Ag(100) surface.
In XPS, the cleanliness of the surface can be seen in the absence of signals from contaminating
elements. In ﬁgure 4.2a is shown the Ag 3d region, after the same cleaning procedure as described
above, in which both the Ag 3d5/2 and the Ag 3d3/2 can be detected. Focusing on the Ag 3d5/2
level, only a single component can be observed, in agreement with the expectation that the surface
core level shift in Ag is expected to be small [41]. Turning to the Fe 2p region shown in ﬁgure
4.2b, No Fe 2p signal can be detected as indicated by the bar in Fig 2b, but only a signal from
the Ag 3s level, showing that the surface contains no Fe. Similarly, the O1s region (Fig. 4.2c) and
the C 1s region (Fig. 4.2d) contains no electron emission characteristic for O or C. To conclude,
cleaning the sample by several cycles of Ar+ sputtering followed by annealing to 500 °C results in
a Ag(100) surface free of contaminants and with large well-ordered terraces, which is therefore a
good starting point for investigations of FeO growth on Ag(100).
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Figure 4.2: a) XPS from the Ag 3d region showing the 5/2 and the 3/2 components from the clean
Ag(100) surface. No component due to the surface can be detected. b) The Fe 2p region from the
clean surface, in which no Fe can be detected as indicated by the inserted bar. Here the Ag 3s
contributes to the background. The O1s c) and the C1s d) from the clean Ag(100) surface showing
no oxygen or carbon contaminants.
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4.3 STM Results
4.3.1 Overview of Phases Formed
Depending on the growth conditions (pressure and temperature), diﬀerent iron oxide phases form
on the Ag(100) surface. In particular, three diﬀerent iron oxide phases have been observed, and
under certain conditions the three phases can be found to coexist. Figure 4.3 shows an STM
image of such a ﬁlm. The three phases are indicated in the ﬁgure and can be described as: (i)
a two-dimensional ﬁlm with line defects (dark lines in the STM image), (ii) rectangular pits or
islands, and (iii) islands with a buckled structure. The following sections describe the experiments
conducted to determine the structures of the diﬀerent phases and to ﬁnd conditions which favor
one phase over another.
[011]
[011]
40 nm
i
ii
iii
Figure 4.3: STM image of Ag(100) after deposition of around 3 ML iron in a background of oxygen
at a 350 °C. The three iron oxide phases to be discussed below are: i) monolayer FeO(111), ii)
FeO(100) pits, and iii) buckled multilayer FeO(111).
4.4 Eﬀect of Substrate Temperature
Figure 4.4 shows STM and LEED measurements for ﬁlms grown by depositing the same amount
of Fe in an oxygen background of 2x10-7 mbar O2 at diﬀerent sample temperatures. The surface
morphology appears rough when FeO is deposited at room temperature (25 °C), but is transform-
ing into an increasingly smooth appearance as the substrate temperature is increasing, reaching a
maximum smoothness at around 300 °C. The LEED pattern at room temperature is quite diﬀuse,
but shows new spots due to the oxide ﬁlm (to be discussed below), and the changes in their ap-
pearance match well the observed morphology in STM; the spots grow sharper and the background
intensity gets lower up to a temperature of 300 °C.
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25 ˚C 100 ˚C 200 ˚C 300 ˚C 400 ˚C350 ˚C
Figure 4.4: Eﬀect of substrate temperature on the morphology of deposited FeO ﬁlms. Top:
STM images (50x50 nm). Middle: LEED patterns corresponding to the STM images. Bottom:
Magniﬁed views of one LEED spot corresponding to the FeO(111) ﬁlm.
The surface at 300 °C is similar to that shown in Fig. 4.3, with both the ﬂat 2D phase (i)
and dark pits (phase ii). At a substrate temperature of 350 °C, the same phases are seen, but the
surface becomes rougher, with more steps, and the LEED spots become slightly less sharp and the
background intensity increases. At 400 °C the LEED spots from the oxide disappear completely,
and STM shows only compact clusters on the surface.
These results indicate that below 300 °C, the diﬀusion of Fe and O on the surface during ﬁlm
growth limits the formation of an ordered ﬁlm. At temperatures above 300 °C, silver atoms on the
surface start to diﬀuse, leading ﬁrst to the slight roughening of the substrate at 350 °C and then
preventing the formation of ﬂat ﬁlms at 400 °C. The clusters observed are believed to be bulk-like
FeO, partly embedded in the surface.
Figure 4.4 shows that it is not possible to form a well-ordered ﬂat ﬁlm without pits by varying
the sample temperature during deposition; although the pits seem to start to form only around
200 °C, deposition temperatures lower than this do not produce well-ordered ﬁlms. It was found,
however, that by ﬁrst depositing the iron oxide at low temperature (100 °C) and then annealing
the surface to high temperature (350-600 °C) afterward, a well-ordered phase (i) ﬁlm with very
few pits can be formed. A comparison of iron oxide ﬁlms grown by this method and by deposition
at high temperature is shown in Figure 4.5.
Deposition at 100 ˚C Annealed at 400 ˚C
a) b)
Deposition at 350 ˚C
c)
Figure 4.5: Preparation of pure monolayer FeO(111) ﬁlms by deposition at 100 °C (a) and
annealing at 400 °C (b). c) shows a surface prepared by deposition at 350 °C for comparison. a)
is 50x50 nm and b) and c) are both 200x200nm.
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4.5 Structure of FeO(111) on Ag(100)
The structure of the ﬂat FeO ﬁlm can be deduced by zooming-in with the STM on one of the
monolayer islands and obtaining atomic resolution. Such a high resolution STM image is shown
in Fig. 4.6a. The image shows a hexagonal array of atoms with periodicity of about 3 Å (red
diamond), whose apparent heights vary regularly, forming a unit cell marked with a dashed line.
The LEED pattern for this surface is shown in ﬁgure 4.6b. The brightest spots observed in this
pattern correspond to the 3 Å small unit cell (red), while the less-bright spots closer to the center of
the pattern correspond to the superstructure cell (dashed line). This type of structure is typical of
monolayer FeO(111) ﬁlms grown on metals and the intensity modulation seen in STM is attributed
to a moiré-type structure, formed by coincidence of the hexagonal FeO(111) on top of the square
Ag(100). A model for the structure is shown in Fig. 4.6c. In one direction, the FeO rows match
the rows of silver atoms, while in the other direction the FeO spacing is larger, so that the positions
of the ﬁlm atoms relative to the Ag surface vary, i.e. Fe atoms go from hollow sites to bridge sites
and then back to hollow sites. This variation in the atomic arrangement leads to the intensity
modulation in the STM image. By looking at the size of the moiré unit cell we can estimate the
average atomic spacings in the FeO ﬁlm, and since we see that approximately 10 Fe-Fe spacings
match with 11 Ag-Ag spacings, this spacing is 3.18 Å along the atomic rows, and 3.30 Å across
them (ﬁgure 4.6d). Compared to bulk FeO(111), this corresponds to expansion of 5% along the
rows and 9% across them.
3.18 Å
3.30 Å
a) b)
c)
2 nm
Figure 4.6: Monolayer FeO(111) on Ag(100). (a) Atomic resolution STM image showing the
structure of the ﬁlm. The basic hexagonal unit cell of the FeO ﬁlm is shown in red and the
approximate overlayer unit cell, formed from coincidence of the hexagonal FeO lattice with the
square Ag(100) lattice, is indicated with a dashed blue line. (b) LEED pattern from an FeO(111)
ﬁlm. Spots corresponding to the hexagonal FeO(111) unit cell are indicated in red and those due
to the coincidence structure are shown in blue. (c) Atomic structure of the FeO(111) ﬁlm showing
the coincidence of 10 FeO units on 11 Ag(100) units in the horizontal direction. The atoms at the
corners of the unit cell and at the center are in approximately the same positions relative to the
underlying Ag(100) surface, and the approximate centered unit cell corresponding to those in
a,b) is shown with dashed lines. The in-plane Fe-Fe distances derived from this model are shown
at right.
The unit cell of the FeO(111) moiré structure (a visually evident pattern) is shown with the
solid blue line in the model in ﬁgure 4.6c, and can be described as a p(11x2) structure, in the
Woods notation. The Fe atoms at the center of the unit cell are nearly (though not exactly) in
the same coordination environment as those at the edges, leading to the diamond-shaped unit cells
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marked in the STM and LEED images, although the structure described by the unit cell is not
perfectly periodic.
4.6 Line defects in FeO(111)
As mentioned above, STM images of the monolayer FeO(111) phase show dark lines which are a
type of defect in the structure. Figure 4.7a shows a high resolution STM image of two of these line
defects. Unlike the hexagonal arrangement of atoms in the FeO(111) phase, the atoms in the line
defects are arranged in a square pattern. In crossing one of these line defects, we also see that there
is a slight change in the appearance of the ﬁlm, and after crossing the second line defect (moving
from lower right to upper left, for example), the original appearance of the ﬁlm is restored. Even
more striking contrast diﬀerence across a line defect is seen in ﬁgure 4.7b, the diﬀerence from ﬁgure
4.7a being caused by a diﬀerence in tip termination. This indicates that the line defects are in fact
domain walls between regions of FeO having diﬀerent orientations. The atomic rows are clearly
aligned on both sides, so these diﬀerent regions must be mirror images of each other. A model for
the line defects is shown in ﬁgure 4.7c. The domains on either side of the boundary are mirror
images of each other and the atoms in the middle have a square structure similar to FeO(100).
a) b) c)
2 nm
Figure 4.7: (a,b) Atomic resolution images of the boundary lines between mirrored domains. A
square arrangement of atoms is visible (green). (c) Atomic model for a domain wall, with a square,
FeO(100)-like structure.
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4.7 Mixed FeO(111) and FeO(100) surface
Ag(100)
FeO(100)
FeO(100)
FeO(111)
10 nm
[011]
[011]
Ag(100)
FeO(111)
FeO(100)
[011]
[011] 3 nm
[011]
[011] 1 nm
a) b) c)
d) f )e)
50 nm
Figure 4.8: (a,b) Overview and (c,d) atomic-resolution STM images of the FeO(100) structure
formed by deposition at 350°C. (e) LEED pattern of a surface with a high density of FeO(100)
grains. The FeO(100) spots overlap with those of the FeO(111) and the Ag(100). (f) Atomic
model of the FeO(100) structure. The FeO appears to grow with the same lattice constant as the
Ag(100).
It was shown above that deposition of FeO with the sample held at a temperature of 300-350 °C
leads to the formation of a number of rectangular `pits' in the surface (Fig 4.8a). High resolution
STM was also used to determine the structure of this phase, as shown in Fig 4.8b,c. Zooming in
closer to the structures, we see that the phase consists of square or rectangular domains with are
either lower or higher than the Ag(100) surface (Fig 4.8a). Looking with atomic resolution (Fig
4.8c,d), we see that the phase exhibits a square lattice of atoms with a periodicity of ~3Å. This
corresponds nicely to FeO(100), and the diﬀerent heights of the grains in Fig. 4.8a are explained
as due to growth of the FeO(100) on top of the silver, or being embedded into the silver surface.
Figure 4.8e shows the LEED pattern for a surface completely covered in FeO(111) + FeO(100)
(corresponding to Fig 4.8a). It shows the same pattern as the surface with only FeO(111), which
is expected because the spots from the two structures overlap (the unit cell for FeO(100) is shown
in blue and that of FeO(111) is shown in red). The atomic rows of the FeO(100) are also aligned
with the substrate, giving a basic structural model as shown in Fig 4.8f. Because the structures
always form with some embedding in the Ag(100) surface, however, it may be that the FeO(100)
grains are more than one layer thick.
4.8 Multilayer FeO(111) at High Oxygen Pressures
The ﬁnal phase to be discussed is the buckled structure (wavy structure), denoted phase (iii) in
Fig. 4.3. It was found that the formation of this phase can be controlled by changing the oxygen
pressure during deposition for the standard recipe for making FeO(111). Figure 4.9 shows STM
images of ﬁlms grown by depositing the same amount of iron but using oxygen pressures of 2x10-7,
1x10-6 and 5x10-6 mbar, respectively. At the lowest oxygen pressure (Fig. 4.9a), we see only islands
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of monolayer FeO(111), while at the highest pressure (Fig. 4.9c), we see only hexagonal islands of
the `buckled' structure. At the intermediate pressure (Fig. 4.9b) we see a mixture of both phases.
2×10-7 mbar O2 1×10-6 mbar O2 5×10-6 mbar O2
a) b) c)
Figure 4.9: STM images of ﬁlms grown by depositing the same amount of iron but using oxygen
pressures of 2x10-7, 1x10-6 and 5x10-6 mbar
An atomic resolution image of one of the hexagonal islands formed at high oxygen pressure
is shown in Fig. 4.10a (inset: larger-scale image of the island). Similar to monolayer FeO(111),
the structure shows a hexagonal array of atoms with periodicity of around 3 Å, but instead of the
p(11x2) unit cell of the monolayer ﬁlm, the island shows buckling and wavy structure of about 25
pm with a periodicity of about 4 nm (Fig. 4.10c). The LEED pattern shows the hexagonal unit cell
(red), and the spots are split, consistent with the around 4 nm buckled superstructure. Although
the STM images mainly showed (apart from the buckling) a simple (1x1) hexagonal pattern which
is typically taken as characteristic of FeO(111), an area near the edge of one of the slusters (ﬁgure
4.10d) showed a »3Ö»3R30° pattern, which is characteristic of the arrangement of Fe3+ ions in
α-Fe2O3(0001).
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Figure 4.10: (a) Atomic-resolution STM image of the multilayer FeO(111) structure formed by
deposition with higher pressures of O2 (1Ö10-6 - 5Ö10-6 mbar see Fig. 4.c). Inset: large-scale
image of the island. (b) LEED pattern from this phase. The hexagonal structure corresponding
to the atomic corrugation is visible (red), but the spots are split into triplets (inset), which is
apparently related to the buckling of the structure. (c) Line proﬁle taken from (a, blue), showing
both the atomic corrugation and the long-range buckling. (d) Atomic resolution STM image taken
near the edge of a multilayer FeO(111) island, showing a »3Ö»3R30° defect structure.
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4.9 XPS
In order to gain chemical information on the growth of Fe oxides on Ag(100), X-ray Photoelec-
tron Spectroscopy (XPS) and Near Edge Absorption Fine Structure (NEXAFS) was performed at
beamline I311 at MAXIV. These measurements could then be correlated to the STM measurements
by comparing the observed LEED patterns at I311 and in the STM lab.
4.10 The Fe oxide growth rate
In the ﬁrst set of experiments we investigated the evaporation rate of the Fe evaporator. The Fe
was deposited on the Ag(100) surface kept at room temperature in an oxygen atmosphere of 1x10-7
mbar and post-annealed to 400 °C. The experiments are shown in Fig. 4.11. Figures 4.11a,b,c show
the development of the Fe 2p, the O 1s and the Ag 3d5/2 core levels with increasing deposition time,
respectively. It is clear from the spectra that the Fe 2p and O 1s signals are increasing in strength
while the Ag 3d5/2 component is decreasing as the evaporation time is increased from 0 to 8 minutes.
This observation clearly indicates an increasingly thick Fe oxide ﬁlm. In Figure 4.11d the areas
underneath the Ag 3d5/2 (black) and the O 1s are plotted as a function of Fe evaporation time.
Because of the mean free path of the photo-electrons, a change of the slope growth plots is expected
as the Fe oxide coverage change from sub-monolayer to above one monolayer. Although diﬃcult
to infer from the current measurements, we estimate that approximately 5 minutes of evaporation
corresponds to the formation of one monolayer of FeO. The observation in LEED support this
interpretation, since a sharp p(11x2) pattern is observed after 5 minutes of evaporation under the
optimum conditions (2x10-7 mbar, 100 °C plus post annealing) for this phase.
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Figure 4.11: XPS spectra the as function of deposition time of Fe in 1x10-7 mbar O2 and room
temperature. Sample was ﬂashed to 400 °C after each deposition. a) The Fe 2p b) The O1s region
and c) the Ag 3d5/2 region. d) The area underneath the Ag 3d5/2 (black) and the O1s (red)
components plotted as a function of the deposition time.
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4.11 The chemical nature of the Fe oxide ﬁlms
Figure 4.12 shows the LEED patterns obtained after deposition of iron under conditions chosen
to give the three types of surface structures identiﬁed in the STM experiments: a) monolayer
FeO(111), b) monolayer FeO(111) + FeO(100), and c) buckled multilayer FeO(111). The clear,
sharp spots are in good agreement with those measured in the STM experiments, conﬁrming that
the correct structures were formed.
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Figure 4.12: LEED patterns measured after the same preparations characterized by XPS. a) Mono-
layer FeO(111), b) FeO(111)+FeO(100), c) buckled multilayer FeO.
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Figure 4.13: Fe 2p3/2, O 1s and Fe-L3 NEXAFS spectra from a) the p(11x2) pure FeO(111)
phase, b) the mixed FeO(100) and FeO(111) phase, c) the buckled multilayer phase.
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Measurements of the Fe2p3/2 and O1s XPS spectra as well as the Fe-L3 NEXAFS spectra for
the three diﬀerently-prepared ﬁlms are shown in Figure 4.13.
In ﬁgure 4.13a spectra from the pure p(11x2) structure corresponding to monolayer FeO(111)
as observed in LEED and STM are shown. The Fe 2p3/2 region shows a complex structure due
to core level emission and multiplet splitting [43], centered at around 709 eV, which corresponds
to Fe2+. This shows that the Fe is fully oxidized [43], since otherwise we would have observed
emission from metallic Fe at 706-707 eV. The O 1s peak conﬁrms oxidized Fe and shows a single
component while the NEXAFS spectrum displays a sharp resonance peak at 708.3 eV. Absorption
at around 708 eV in NEXAFS corresponds to either metallic Fe or FeO [44]. Since we know from
the Fe 2p3/2 and the O 1s that the Fe is oxidized, we conclude that we have FeO only at the
surface, conﬁrming our above model for the p(11x2).
The mixed FeO(100) and FeO(111) is more complicated, and the spectra from this phase is
shown in ﬁgure 4.13b. Apart from the complex Fe oxide emission at 708-710 eV, the Fe2p3/2
spectra also exhibit emission from metallic Fe 706.5 eV, indicating that metallic iron is present
in the surface. The O 1s exhibits a single component, though it is slightly broader than for pure
FeO(111). The Fe-L3 absorption similarly shows a peak at 708.3 eV, though with some broadening
at lower energy which could be due to metallic Fe [44]. Because metallic Fe at the surface would
easily react with oxygen, the metallic iron seen in the Fe2p spectrum must be below the surface, and
we conclude that the formation of FeO(100) must be caused by this metallic iron. Unfortunately
there were no other features in the spectra that could distinguish between the FeO(100) and the
FeO(111).
The multilayer structure shows a broader Fe2p peak at higher energy (around 710 eV) and
still a single O1s peak though this is broader than for the other surfaces. The Fe-L3 NEXAFS
spectrum is very diﬀerent from the others with its main peak at 709.4 eV and a smaller peak at
708.3 eV. According to previous work [45], the high energy peak corresponds to Fe3+, and the
spectrum indicates that this phase contains a signiﬁcant amount of Fe3+ as well as some quantity
of Fe2+. The structure must therefore not simply consist of FeO(111), as the STM and LEED
images suggest, but must instead be related to Fe2O3 or Fe3O4. The hexagonal shapes of the
islands seen in Fig. 4.10 (the one with oxygen pressure dependence) suggest that the islands have
a structure like α-Fe2O3, which has a hexagonal corundum structure. The appearance in STM
and LEED, as well as the apparent Fe2+ component in XPS and NEXAFS, might be due to a
FeO(111)-like layer forming on top of bulk-like Fe2O3(0001). This structure type has been reported
previously on bulk Fe2O3(0001) crystals [46,47].
Chapter 5
Conclusions and Outlooks
The work presented in this thesis in an example of how powerful the combination of XPS, STM
and LEED are to study surface structure. It was possible to determine the surface structure of the
surface layer, chemical state and surface morphology of them. Indeed here both STM and XPS were
used to characterize the structure formed under diﬀerent growth conditions and LEED was used to
correlate the two sets of results. Depending on the growth conditions of pressure and temperature,
three diﬀerent iron oxide phases were observed to form on the Ag(100) surface. The three diﬀerent
structures can be described as 1) a monolayer FeO with a local (100)-like structure is formed at
domain boundaries within the monolayer FeO(111) structure; 2) a mixed FeO(111) and FeO(100)
structure formed upon deposition of Fe and O2 at 350 °C, their thickness is uncertain and these are
partly embedded in the surface; 3) a multilayer appearing as a buckled structure and observed at
high oxygen pressure. The XPS and NEXAFS measurements showed that the FeO(111) structure
consists of FeO only, while the mixed FeO(111) and FeO(100) structure also contains metallic Fe.
Thus, metallic Fe must be embedded in the Ag surface, presumably underneath the FeO(100)
grains. Finally, the XPS and NEXAFS measurements clearly showed the presence of both Fe2+
or Fe3+. Combined with the STM results, we suggest that the buckled structure consist of alfa-
Fe2O3(0001).
There are interesting potential possibilities for thin Fe oxides ﬁlms in the area of catalysis.
In particular it would be interesting to compare the reactivities of the ﬁlms grown on silver with
those studied previously on Pt(111) to see the eﬀect of the substrate metal. Although diﬃcult, it
could be interesting to study the epitaxial grow iron oxide layers onto silver with Density Function
Theory (DFT) calculations and also calculated core level shifts (CLS). In such calculations it might
be possible to study thick and thin layers of iron oxide structure on diﬀerent cut of silver and also
using another type of metal as a substrate. Further, it could be important to investigate the phase
diagram by calculation. Also it could be interesting to investigate the detailed reasons for the
growth of the diﬀerent oxides as observed in the present thesis.
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Chapter 6
Self-reﬂection
I started my master thesis in surface science, which was a a ﬁeld that interested me very much.
My project was a 30 ECTS master thesis during a 9 month period. I have achieved all the goals
of my project but I wish I would have had more time to read and do experiment.
During this time frame I learned many new things including experimental skills (XPS, LEED,
STM), basic knowledge of the surface and materials science, XPS and STM analysis, Matlab coding,
maintenence of UHV equipment, literature review, writing , and preparing ﬁgures. By putting all
the data together while analysing and writing this thesis, I got a more complete picture of what
we actually measured, what was important, what we did not measure, what we should have done
diﬀerently during the experiments and because of this I will be well-prepared for my next research
topic.
I believe that I have learnt more essential knowledge in the surface science area during my
experimental project. Carrying out these experiments required concentration, precision, planning,
hard-work, team-work and independent decision-making; additionally STM work requires patience
and XPS work requires fast decisions. I also broadened my knowledge of surface science and
reading skills. Now I feel conﬁdent with reading relevant surface science articles. My scientiﬁc
writing skills improved very much with the comprehensive supervision by Lindsay and Edvin.
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